Changes in seabed morphology, mud temperature and free gas venting at the Håkon Mosby mud volcano, offshore northern Norway, over the time period Abstract:
Introduction
Mud volcanoes are geological structures of mud eruption and fluid emission at the earth's surface (Milkov 2000) . They occur worldwide in areas of rapid sedimentation or compressive tectonics, where deep over-pressurized muds and fluids reach the earth's surface through high permeability conduits such as faults and fractures. Episodic activity alternating with periods of quiescence is observed at most mud volcanoes over a lifetime of up to several hundred thousand years (Kopf 2002) . Historical data available for several onshore mud volcanoes suggest a cyclic eruptive activity with catastrophic eruptions occurring at intervals of only a few years to several tens of years (Aliyev et al. 2002; Deville and Guerlais 2009 ). This activity would be mainly controlled by the local pressure regime within the sediment pile (Deville and Guerlais 2009) , although seismic events could contribute to the trigger process (Delisle et al. 2002; Mazzini et al. 2007 ). Based on investigations of onshore mud volcanoes of the Crimean-Caucasus region, Herbin et al. (2008) distinguish various types of mud volcano activity, from an explosive type with a very high column of burning gas and a great volume of gas ejected, as exemplified by the catastrophic eruptions of the Dzau-Tepe mud volcano in the Kerch peninsula or the Lokbatan mud volcano in Azerbaijan, to a continuous or intermittent slow flow of mud and gas at gryphons, as observed at the surface of the Boulganack mud volcano in Ukraine. Other goals include a better assessment of amounts of methane and carbon dioxide greenhouse gases that may be released by mud volcanoes to the atmosphere (Dimitrov 2002; Etiope and Milkov 2004) or yet investigations of the biodiversity and biogeochemical processes at cold seeps Vanreusel et al. 2009 ). Whereas historical data provide useful information to decipher the temporal variability of the activity of onshore mud volcanoes over a time-scale of years or tens of years, this information is generally missing for deep offshore mud volcanoes. The Isis mud volcano on the Egyptian continental slope in the eastern Mediterranean Sea is one of a few submarine mud volcanoes where repeated measurements of mud temperature and pore water chemistry in the surface sediment over a 9 month interval have demonstrated a highly dynamic fluid flow regime ). Another submarine mud volcano along the European margins where repeated observations have been carried out is the Håkon Mosby Mud Volcano (HMMV) offshore northern Norway (Fig. 1a ). In this paper, we analyse and interpret field data collected at the surface of the HMMV in 2006 during the Vicking cruise aboard the R/V Pourquoi pas?. We compare the new observations with those made in 2003 during the ARK-XIX/3b expedition aboard the R/V Polarstern. We bring evidence of and discuss changes in the morphology and fluid activity of the mud volcano over the time period 2003 to 2006.
Geological setting
The Håkon Mosby mud volcano is a geological structure of about 1.5 km diameter located on the Southwest Barents Sea slope in a water depth of 1270 m (Fig. 1) . The mud volcano comprises three main morphological units ( Fig. 2) : (1) a flat central and southern part interpreted as an area of recent mud flows; this flat area was called crater by Milkov et al. (2004) , a term that we will use in this paper, (2) a surrounding area characterized by an hummocky seafloor; this area is interpreted to be composed of deformed old mud flows, (3) a pronounced moat at the periphery of the mud volcano. These units are easily recognized on a recent high-resolution bathymetry map of the mud volcano produced from a deep-tow Victor ROV survey carried out in July 2003 aboard the R/V Polarstern during expedition ARK-XIX/3b (Edy et al. 2004) , as shown in Fig. 1b . An earlier survey using a 30-kHz deeptow side-scan sonar also revealed mud flows extending down-slope to the southeast of the mud volcano . The source level of the erupted mud and expelled fluids may lie within overpressurized oozes found below glacial deposits at depths of 2-3 km below the seabed (Hjelstuen et al. 1999) . More recently, Perez-Garcia et al. (2009) described the evolution of the HMMV over the last 330,000 years and, based on acoustic and seismic data, inferred the presence of a pseudo-mud chamber and a funnel-shaped geometry of the shallow part of the conduit. Field observations made during successive oceanographic expeditions have emphasized the concentric zones of litho-types, as well as of geochemical and biological processes at the surface of the mud volcano (Milkov et al. 1999 de Beer et al. 2006; Jerosch et al. 2007) , and demonstrated an exceptionally high activity of fluid and gas ejections through the seabed Feseker et al. 2008) . Geothermal modelling indicates aqueous flow rates of up to 4-10 m y -1 at the centre of the mud volcano, rapidly decreasing to less than 1 m y -1 in its outer part (Feseker et al. 2008) . Free methane discharge could amount to several hundred tons per year . Fig. 1b ), displaying the main morphological units: the crater, the surrounding hummocky area, and the peripheral moat. Also reported are the locations of the bathymetry profile shown in Fig. 1d , the transect of temperature measurements (heat flow) shown in Fig. 6 and the photographs (stars) shown in Fig. 10 Vicking cruise (2006) data
ROV multibeam survey
As part of the Vicking cruise of R/V Pourquoi pas? in July 2006, a high-resolution multibeam survey was carried out at the summit of the HMMV. The multibeam echosounder system used was a Reson 7125 mounted on the Victor ROV and operated at a frequency of 400 kHz. Detailed seafloor maps were produced by means of the CARAIBES software (©Ifremer), yielding 0.25-and 0.17-m grids for the bathymetry and backscatter maps respectively. The survey encompassed the entire flat central and southern sectors (crater), thereby generating new seafloor maps of this part of the mud volcano previously covered by the 2003 survey (Fig. 1b ). The new maps provide an opportunity to compare the morphology of the crater, where the most substantial morphological changes related to new mud eruptions since the 2003 survey would be suspected to occur.
Mud temperature data
Mud temperature was measured by means of a short temperature probe ( m) pushed into the sediment from the manipulator arm of the Victor ROV. At full penetration, two sensors measured temperature at 0.25 and 0.55 m below the mud surface. Equilibrium mud temperatures were extrapolated from temperature records obtained while the probe was kept motionless in the mud for about 5 minutes and each sensor was being sampled every 5 seconds. In-situ mud temperature measurements obtained during three cruises at the HMMV between 2003 and 2006, including those made during the Vicking cruise in 2006, have been presented and discussed in detail by Feseker et al. (2008) . In this paper, we will limit ourselves to a short recapitulation of changes in mud temperature recorded for this time period.
Gas flare records A gas flare survey was carried out using the hull-mounted echosounder of the vessel (Simrad EA600, 38 kHz, beam width of 9.6°). Acoustic flares were observed on echograms recorded along several vessel tracks of the Vicking expedition, most run in a north-south direction, and at a vessel speed of abound 4 knots (Figs 7 and 8a). Records were all taken within a period of 6 days.
Results

Morphological changes over the period 2003-2006
A simple visual inspection of the two bathymetric maps produced in 2003 and 2006 clearly shows that the morphology of the external moat and hummocky seafloor regions of the mud volcano has not significantly changed, whereas the crater exhibits substantial changes ( Fig.  1b vs. Fig. 1c ). Based on a comparison of bathymetry profiles across the mud volcano from the 2003 and 2006 surveys ( Fig. 1d ), these vertical differences appear however to be of small amplitude (<1 m) and become even smaller if we apply a depth correction to better adjust the mean water depth observed in 2006 to that in 2003 ( Fig. 1d) . A better fit is in particular observed in the moat at the SSE end of the profile for a 0.5 m to 1 m correction. This correction appears justified if there has been a drift in the calibration curve of the ROV pressure sensor from 2003 to 2006 (which we were not able to check), or a bias when converting the pressure measurement to water depth due to different determinations or temporal variability of the temperature and salinity profiles in the water column above the mud volcano. In Fig. 1d , the seabed in the crater shows more pronounced local bulges in 2003 than in 2006. This observation may be significant -changes could then be related to mud eruption events or mud movements in the crater in the time interval. In order to further describe morphological changes in the crater over the period 2003 to 2006, slope maps were derived from the two detailed bathymetry maps with a 1 m grid size ( Figs. 3a and b ). Slope maps provide an enhanced representation of surficial morphological features potentially related to cracks and fissures at the seabed and/or defining the lateral extent of mud flows. Thus, slope maps help to reveal morphological changes. A major observation is that most of the morphological features identified in 2003 in the crater (Fig. 4a ) are not visible on the 2006 map ( Fig. 4b ). Morphological changes appear to have affected the entire crater area, extending to the north-eastern and southern branches of the crater as well ( Fig. 3) , whereas the morphology of the surrounding hummocky zone appears largely unchanged. Morphological changes are also supported by the seafloor backscatter data. The high and almost identical frequencies of the two multibeam echosounders used in 2003 and 2006 (455 and 400 kHz respectively) imply similar acoustic penetration depths in the sediments and, thus, meaningful comparison of the backscatter images. The crater of the mud volcano, composed of mud breccia, a mixture of clasts and a silty matrix, exhibits higher backscatter than the fine-grained hemipelagic sediments of the surrounding area (Fig. 5 ). In the crater, the presence of low backscatter patches (a few metres to 50 m in width) is revealed by both the 2003 and 2006 datasets, but the spatial distribution of these patches differs between 2003 and 2006. The low backscatter patches may correspond to blocks of the surrounding hummocky seafloor area, assuming that these blocks could have drifted away from the central part of the volcano possibly in response to mud eruptions or mud movements at the surface of the mud volcano. The origin of the low backscatter patches could not be determined from ROV seafloor video records. Fig. 2 for location of the transect)
Gas venting through the hummocky seabed
Large acoustic gas flares were detected during the Vicking cruise (2006) in the water column above the mud volcano. Some flares could be traced down to the seabed (Fig. 7a ), whereas othes lacked visible "roots" connecting them to the seabed (Fig. 7b ). This is simply interpreted as resulting from bottom currents deforming the acoustic flares that, instead of being vertical as would be expected in the absence of bottom currents activity, extended obliquely from the seabed. Due to the limited beam angle of the echosounder, the acoustic record could show only part of the flare, possibly lacking its lower and upper or part. In the present case, flares were detected rising up to 600 m from the seabed (Fig. 8a) . The gas source area has been delimitated by the extreme geographic positions of the flare echoes contiguous to the sea floor ( Fig. 8b) . Furthermore, an envelop area of all flare echoes has been defined from the extreme geographic positions of all recorded echoes either contiguous or not to the seabed (Fig. 8b) . The acoustic gas flares appear to be associated mainly with the hummocky northern seabed region of the mud volcano. The extent of the gas source area is equivalent to the footprint on the seabed of the vessel echosounder (213 m for a range of 1270 m). The low spatial resolution does not allow us to locate individual gas vents. A location map of all central positions (defined as mid-positions between extreme positions of the flares on the seabed) includes in its eastern part the Champagne gas vent reported by Sauter et al. (2006) but not found during the Vicking cruise of 2006. In the western part, the Victor ROV, equipped with a vertical split-beam echosounder (Simrad ER60 200 kHz, beam width of 6.3°) was navigated at about 40 m above the seabed at a speed of approx. 1 knot. A single acoustic gas flare was detected ( Fig. 9) , followed quickly by video inspection of the underlying seabed that revealed a string of free gas bubbles rising from the seafloor (Fig. 10) . Whether there were other active gas vents or not could not be answered from the short survey we were able to run during this cruise.
Target strength values of the gas vent bubbles from the ROV records vary between -43.7 and -59.8 dB, with an average value of -49.21 dB. Using these data and the backscattering gaseous sphere model of Stanton (1989) , we estimate the bubble diameter to be between 3.6 and 26.6 mm, with an average value of 13.8 mm. These values are similar to those reported in other studies (Rehder et al. 2002 , Greinert and Nützel 2004 ). The highest values might result from coalescent smaller bubbles. The mean volume backscattering strength (MVBS over 132 pings) of the gas flare was -40.69 dB m -1 , giving an average density of 7.11 bubbles per m 3 (range 0.1 to 64.7) across the vertical section of the gas flare record. Assuming that targets are spherical bubbles of methane, the average gas volume would be 9.8 mL m -3 , with a maximum value of 89 mL m -3 in the central part of the flare (Fig. 9b ). Active faulting at the transition between the crater and the hummocky periphery. c String of gas bubbles coated with hydrate at the Champagne site discovered using Victor ROV during the ARK-XIX/3b cruise of the R/V Polarstern in 2003 . d String of gas bubbles escaping through a fracture of the hummocky seabed at the Vicking site discovered in 2006 (present study)
Discussion
We interpret morphological changes observed at the seabed in the crater of the HMMV between 2003 and 2006 as being a consequence of mud eruption events. Freshly erupted mud has been observed both in 2003 and 2006 (Fig. 10) . The question arises of the nature of those events. Morphological changes have been detected over the entire crater, as highlighted by the comparative slope and backscatter maps of 2003 and 2006, and there is no clear evidence for a single centre of mud eruption (Figs. 3, 4 and 5) . Furthermore, the lack of major changes in a topographic profile across the mud volcano from 2003 to 2006 (Fig.  1d) suggests that the total volume of mud erupted at the surface of the mud volcano has been small. An interpretation accounting for our observations is that several small-volume mud outflow events occurred at distinct locations in the crater, and possibly at different times, between 2003 and 2006. The HMMV mud eruption activity could then be described as an intermittent modest flow of mud at distinct locations in the crater, similar to mud flows from small mud cones (gryphons) and mud pools at the surface of several onshore mud volcanoes, e.g. the Boulganack mud volcano in Ukraine (Herbin et al. 2008) . In this respect, onshore and offshore mud volcanoes would behave much alike. Active faulting at the sharp transition from the crater to the hummocky area of the HMMV (Fig. 10 ) expresses differential vertical movements between the two morphological units. Vertical movements in the crater are presumably controlled by the subsidence induced by dewatering and consequent loss of volume of the freshly erupted mud, and by mud outflows and/or deeper mud movements in the feeder channel and the mud chamber (Perez-Garcia et al., 2009) . Vertical movements in the hummocky area are expected to occur mainly associated with large eruption events. Thus vertical movements in the hummocky area are likely to be of smaller amplitude than in the crater, which may account for the sharp transition from the crater to the hummocky area and an active deformation at this transition. Mud temperature observations point to persistently high temperatures at shallow depth in the crater at the centre of the mud volcano between 2003 and 2006. Kaul et al. (2006) showed that a 4 m thick flow of warm mud would cool up by conduction in only 3-4 months after an eruption event, and that high temperatures within the mud flow (in the sub-bottom depth range of measurements at the HMMV, between 20 and 60 cm) would dissipate in only a few days. Thus, the persistence of high temperatures between 2003 and 2006 seems to rule out the interpretation of the heat anomaly as being a consequence of conductive cooling of fresh mud flows, since temperature measurements are unlikely to have all been made only a short time after an eruption event, which would be required by this interpretation. Instead, the high temperatures demonstrate a persistently high activity of warm fluid discharge through the surface of the crater. Vertical specific discharge rates estimated from mud temperature profiles are known to reach several meters per year in the crater at the centre of the mud volcano (Feseker et al. 2008) . The small-scale spatial variability observed in the mud temperature distributions (Fig. 6 ) may reflect local fluid and mud movements at shallow depth in the mud volcano, possibly associated with events of modest mud outflows that have also been suggested from morphological changes. Our acoustic observations during the Vicking cruise of 2006 confirm the existing evidence of long-lasting degassing activity at the surface of the HMMV ). According to our observations in 2006, the estimated gas source area (Fig. 8b) is mostly limited to the hummocky seabed region (Fig. 2, Unit 2) , where focused gas venting occurs through sediment cracks. One reason for this could be the difference in sediment properties recorded for the crater and in the hummocky periphery. In the crater, broadly-distributed pore water advection through a low-viscosity, highly permeable mud could release most of the gas transported with the mud to the seabed in a dissolved phase. In contrast, this gas could accumulate under a low-permeability sediment cover, utilizing seabed cracks to escape at localized vents in the hummocky area. Interestingly, the Champagne site, a major gas vent discovered in the hummocky region in 2003, was not found in 2006. However, our observations during the Vicking cruise in 2006 may have been not exhaustive enough to conclude with confidence that the Champagne site was extinct at the time. Our estimated locations of the gas vents suggest at least one active site in the eastern gas source area (Fig. 8b) . This site could actually be the Champagne site, which we would have missed during the 2006 Vicking cruise; alternatively it could be a new site not yet active or yet discovered in 2003. Moreover, a new major gas vent, the so-called Vicking site, was found in 2006 in the western part of the gas source area. This site is located about 150 m away from the Champagne site and is therefore quite distinct from it. Although the Vicking site had not been previously reported, it cannot be stated with certainty that this site was not already active in 2003. To conclude on this aspect, Vicking cruise observations in 2006 tend to suggest but do not prove a different distribution of active gas vents with respect to 2003. Seabed pictures in Fig. 10 show that at the Champagne site, fresh mud covers the seabed surrounding the vent over lateral distances of 2-3 m. The fresh mud is thought to result from deposition of mud particles emitted in the gas bubble jet. Mud particles could be more abundant in the jet at times of increased gas emission at the vent, possibly including the time of initiation of the venting activity. The fresh mud cover has a higher acoustic backscatter than the hemipelagic sediment. Gas venting areas could be then characterized by a higher backscatter. In turn, a higher backscatter on seabed maps could be used as an indication of gas venting, even after extinction of the venting activity. An inspection of the acoustic backscatter map (Fig. 5) shows that several spots in the hummocky seabed region of the Håkon Mosby mud volcano are characterized by higher backscatter. Whether these areas of higher backscatter are explained by a fresh mud cover possibly deposited at times of active gas venting, as suggested above, would deserve further ground-truthing by video inspection.
Summary and conclusion
A comparison of observations made at the HåkonMosby mud volcano offshore northern Norway in 2003 and 2006 reveals significant changes in the morphology of the crater, as well as persistently high mud temperatures at shallow depth below the seabed. The observations also confirm a high activity of free gas emission, but locations of gas vents may have changed over the 3-year time interval. Morphological changes may have been produced by several small-volume mud outflows occurring at distinct locations in the crater, and possibly at different times, between 2003 and 2006. Persistently high temperatures of the mud at shallow depth in the crater imply upward fluid advection at rates of several metres per year. Although modest mud eruption events are suggested by our observations, we have identified evidence of significant change in activity even over short time intervals of only 3 years. This may be a characteristic shared by other submarine mud volcanoes, notably those considered to be in a quiescent stage. It also makes the Håkon Mosby mud volcano an important natural laboratory to monitor the dynamics of aqueous and gas seepage, as well as associated ecosystem response in a high-latitude region.
